Moreover, a systematic comparison of known HA structures across the entire influenza virus family reveals evolutionarily conserved ionizable residues at all regions along chain and subunit interface. These ionizable residues are likely the structural basis for the pH-dependence and sensitivity to ionic strength of influenza HA and HEF proteins.
Introduction
Influenza virus is a negative-stranded RNA virus belonging to the orthomyxoviridae family. Three types of influenza viruses have been detected: A, B and C. They all have a major surface glycoprotein, hemagglutinin (HA) for influenza A and B viruses, and hemagglutininesterase-fusion (HEF) protein for influenza C virus (2, 20, 85, 98) . Infections caused by influenza A and B viruses remain a major source of human morbidity and mortality worldwide (13, 90) .
Influenza B virus circulates exclusively in humans and seals (66) with no subtypes. The first isolated influenza B virus strain was B/Lee/40 (44) . Currently, there are two major phylogenetic lineages found in circulation: B/Victoria/2/87 (B/VI)-like and B/Yamagata /16/88 (B/YM)-like (41, 77, 83) . Despite the lack of subtypes, influenza B virus undergoes antigenic alteration through genetic reassortment among co-circulating strains of different lineages and antigenic drift from cumulative mutations (17, 48, 49, 56, 70, 83, 101) . Influenza B virus HAs have an about 5 times slower mutational rate than what was observed for influenza A virus HAs (3, 10, 15, 19, 34, 41, 44, 45, 81, 94, 101) . The antigenic structures of influenza B virus HAs have been studied by sequence analysis of both naturally-occurring variants and antibodyselected escape variants (5, 6, 10, 35, 44, 45, 51, 76, 77, 94, 96) , using the structure of influenza A H3 HA as a reference (100) . However, given the rather low sequence identity between influenza A and B virus HAs, ~20% for HA 1 that is the primary target for antigenic alternation, it is hard to define accurately the antigenic sites in this fashion.
We have recently reported two crystal structures of influenza B/HongKong/8/73 virus HA (referred to as B/HK HA hereafter) in complex with human and avian receptor analogs (95) .
Comparison of these structures with those of influenza A virus HAs provided a structural basis 
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Protein crystallization and data collection
Purified protein at 15mg/mL was used for crystallization trials. Crystals of diamond shape were grown in 100 mM Pipes, pH 6.5, 2.5 M ammonium sulfate at 18°C within a week to 100×100×50 microns. The crystals were flash-frozen in liquid nitrogen. The diffraction data were collected at Advanced Photon Source (APS) beamline 8BM. Seven datasets of heavy atom derivatives were collected at APS beamline BM14C. All datasets were processed using HKL2000 package (67) .
Structure determination, model building and refinement
The diffraction pattern of B/HK HA was anisotropic at high resolution range, with strong diffractions up to 2.6 Å along one axis, but barely beyond 3.0 Å along the other axes. As a result, the completeness of the native data at the highest resolution shell is only 50.2% (Table 1) .
Three types of heavy atom derivatives, K 2 PtCl 4 , KAuBr 4 and KAu(CN) 2 , were used for phasing.
The first three heavy-atom datasets (datasets 2~4) apparently suffered from large errors at resolutions higher than 4 Å. By using SOLVE (93) and MLPHARE in CCP4 (18), a total of 11 sites were located, and the figure of merit was 0.46 using data between 24~4 Å. Density modification and phase extension (to 3.2 Å) was carried out using DM in CCP4 (18) and resulted in a map that allowed tracing of the majority of the protein main chains (phase extension to higher than 3.2 Å yielded worse maps). However, there was ambiguity in certain difficult regions in the membrane-distal domain. Four more datasets on heavy atom derivatives were later collected to 3.0 Å (sets 5~8). All seven sets of heavy atom derivatives together gave a figure of merit of 0.66 up to 3.0 Å. The phase was further improved by solvent flipping and phase extension to 2.8 Å using DM in CCP4 (18) . The resulting map was of much higher quality and allowed unambiguous (39) , and structural refinement using CNS (11) and REFMAC5 in CCP4 (18) . 10% reflections of the native dataset were set aside for calculating R free -factor. The quality of the model was analyzed using PROCHECK in CCP4 (18) . The final model contains 342 residues in HA 1 , 169 residues in HA 2 , 11 sugar residues, one sulfate ion, and one water molecule with R freeand R cryst -factors of 30.9% and 28.0%, respectively ( Table 1 For structural analysis, accessible surface area (ASA) was calculated using AREAIMOL in CCP4 (18) . Structural alignment was performed using LSQKAB in CCP4 (18) . For the ionizable residues, we used a distance of 4.0 Å as a cutoff in identifying the inter-residue interactions. All the interactions described for B/HK HA are supported by electron density maps used for structural refinement. In cases where two residues are close enough in the structure to interact with each other, but if the electron density of the side chains is not very strong, we generally gave them low confidence and did not included them in our discussion.
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Computational Normal Mode Analysis
Normal mode analysis was performed on the monomeric form of H5 HA (PDB code 1JSD). An improved method of elastic normal mode analysis was used for computing Cα-based motional pattern (50) . The reason for computing the modes based on the monomeric subunit, instead of the trimeric HA, is that the intrinsic deformational pattern of individual subunit is more likely utilized in evolution to achieve different structures within the HA family (46, 54) . 
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Results and Discussion
Structure of the unliganded influenza virus B/HK HA
The asymmetric unit contains one monomeric subunit of the unliganded influenza B/HK HA, encompassing HA 1 (1~342) and HA 2 (1~169) (Fig.1a) , which gives rise to the biological molecule of a trimeric HA through symmetry operations (Fig.1b) . Despite many insertions and deletions in the HA 1 chain, B/HK HA shares an overall similar fold to influenza A virus HAs (28, 33, 78, 87, 88, 100) . It has an elongated fusion domain (F) composed of the central coiledcoil structure from HA 2 (green), the extended regions from HA 1 (1~42) (pink) and HA 1 (288~342) (blue), a globular membrane-distal domain containing the receptor-binding subdomain (R), HA 1 (113~274) (yellow), and a vestigial esterase subdomain (E'), HA 1 (43~112) and HA 1 (275~287) (cyan) (Fig.1a) . Each subunit of B/HK HA has seven disulfide bridges (Fig.1a) (Fig.1a) .
Interestingly, the glycosylation at HA 1 145 first appeared in influenza B/Great Lakes/54 strain and was maintained ever since. It is possible that the presence of such a glycan is advantageous for influenza B virus to evade human immunity, given its location on a prominent neutralizing (27, 68, 69, 73, 74, 79, 80) , or in field isolates (38, 58, 59) . Thus, influenza A and B viruses appear to share a common mechanism of utilizing the addition or removal of glycosylation for modulating antigenicity (14, 21, 82, 84, 85) .
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The overall structure of unliganded B/HK HA is very similar to the receptor-bound structures reported earlier (95) . However, several regions (HA 1 43~62, 73~79, 139~152, 226~241, 283~289, and HA 2 15~21) display large deviations between the unliganded and avian receptorbound structures and between the avian-and human-receptor bound structures in the HA 1 chain when the full-length proteins are aligned (Fig.1c) . Interestingly, regions HA 1 73~79, 139~152, and 226~241 are part of the antigenic site of influenza B virus HAs surrounding the receptorbinding site (RBS) (Fig.3a) . It is possible that structural plasticity of these regions is an important factor for efficient binding of antibodies and receptors (24, 25, 47, 91) . 2 The structures of influenza A and B virus HAs and influenza C virus HEF are readily superimposed on the HA 2 /HEF 2 chain (Fig.2) . While the root-mean-square derivation (rmsd) between different subtypes of influenza A virus HAs is typically less than 1.0 Å (78), the rmsd between influenza B/HK and influenza A virus HA 2 subunits is averaged at 1.72 Å for helices A and B only and at 3.59 Å for the entire HA 2 chain (residues 1~160) ( Table 2 also forms a hydrogen bond with the main-chain amide of Gly4 2 (Fig.2c) . The fact that helix B of B/HK HA is deformed locally between residues HA 2 (108~114), apparently in order to stay in contact with the outward-shifted N-terminus, suggests the importance of the interactions between them. As a result of the large displacement, the fusion peptide of B/HK HA interacts extensively with neighboring subunit (with 107 interactions of less than 4.5 Å distance with its neighboring subunit, in sharp contrast to 48 interactions in H3 HA).
Structural comparison of HA 2 /HEF
Inter-helix loop and membrane-distal domain: In comparison with influenza A virus
HAs, the inter-helix loop of B/HK HA 2 appears to adopt a hybrid conformation: its N-terminus is in close interaction with helix B, similar to those of H5 and H9 HAs, whereas its C-terminus is a sharp-turn, more closely resembling those of H3 and H7 HAs ( (Fig.2d) . Importantly, this hinge region coincides with the site where functional receptor-binding and esterase proteins were hypothesized to have inserted into an ancestral membrane-fusion protein to give rise to the modern version of HA (75) .
Thus, the seemingly large structural difference of the membrane-distal domain between influenza A and B HAs is within the intrinsic mechanical elasticity (as manifested by low-frequency normal modes) of the individual subunit of HA. Evolution of HA family might have chosen to alter their key structural features along the directions of those soft modes (for a review, see (54) ).
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Similar en bloc deformation has also been observed in the functional cycle of the molecular chaperonin GroEL (55) .
Antigenic structure of influenza B virus HAs
To date, about two dozen of amino acid substitutions of influenza B virus HAs have been confirmed to cause antigenicity changes (Fig.3) , in either site-specific mutants, mAb-selected escape variants or field isolates (5, 6, 10, 35, 44, 45, 51, 76, 77, 94, 96) . These mutations can be roughly divided into four groups on the structure of unliganded B/HK HA, the 120-loop, The 120-loop and surrounding regions: The 120-loop (Fig.3a, in cyan) appears to be one of the most frequently mutated regions in field isolates (94) . Indeed, virus variants of a B/VI-like strain with specific substitutions at residues HA 1 129 and 137, produced by using reverse genetics, were found to cause antigenic alteration (53) . Similarly, HA 1 75, 77, 116, 118 and 122 were found to present an epitope that is unique to B/VI-like strains (64) . Collectively, these residues constitute part of the antigenic site that partially overlaps with site A in H3 HA (99) and sites Sa and Cb in H1 HA (14, 30) .
The 150-loop: The 150-loop (Fig.3a, in green) is an unusually long protruding loop, the tip of which (Thr147 1 ) has been shown to cause the strains not to react with Arg-strain specific sera , and the Lys-strains rapidly became predominant in subsequent epidemic seasons (1) . Moreover, some other variants of influenza B virus, such as those grown in embryonated eggs, were found to display altered antigenic properties due to a single amino acid substitution at Gly141 1 (52, 53, 68, 69) . In recent isolates, the 150-loop region appears to be the neutralizing epitope specific for B/YM-like strains (62) . Comparing with influenza A virus HAs, the 150-loop partially overlaps with site A in H3 HA (99) and site Ca1 in H1 HA (14, 30) .
The 160-loop: The 160-loop (Fig.3a, in blue) is the only region in influenza B virus HAs where insertion and deletion have been repeatedly detected in field isolates from different epidemic seasons (Fig.3b) (56, 65) . The protruding nature of 160-loop may make it easy to accommodate even multiple-residue insertions or deletions. Similarly, in mAb-escape mutants, single deletions at HA 1 162"' or 167 (see Fig.3b Legend for explanation of numbering) (60) , and a single insertion of Asn following HA 1 163 (96) were also observed. Moreover, single amino acid mutations were detected in a number of mAb-escape variants: Lys164 1 →Ile or Asn (5, 6); Asp162 1 "→Tyr; and Asn162 1 "'→Ser or Thr (61) . Given the fact that B/HK/73 HA has the shortest 160-loop among all known influenza B virus HAs, further extension of the 160-loop in other influenza B virus HAs will make it a particularly strong antigenic site (Fig.3b) . In fact, field isolates with substitutions in this region, for instance Asp164 1 →Glu or Asn165 1 →Lys, were found to have much weaker reactivity with human antibodies, thus may impose future epidemic threat (63) . Thus, alteration of the pattern of insertion and deletion and amino acid substitutions in this region appear to be effective ways for influenza B virus to vary (56) , in particular to survive a long period of time without antigenic shifts as observed in influenza A virus (65) .
The 160-loop partially overlaps with site B in H3 HA (99) and site Sa in H1 HA (14, 30) .
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The 190-helix and surrounding regions: All the residues at the external face of 190-helix have important antigenic roles (Fig.3a, in red) . Single mutations in this region were repeatedly found in mAb-escape variants: Glu195 1 →Lys, Gln197 1 →Lys, Val199 1 →Ala, Leu or Glu 
Ionizable residues in HA/HEF
Extensive structural studies on H3 HA (12, 16, 100) revealed that, upon exposure to low pH, extensive structural rearrangement takes place along the HA molecule. The overall stability of the molecule appears to play a central role in this process, as mutants of H3 HA with elevated fusion pH all harbored destabilizing mutations at chain or subunit interfaces (22) . In consistent with this finding, a close correlation was noted between the fusion pH and the stability of HA ectodomain maintained by electrostatic interactions between HA 1 and HA 2 (36, 37, 43) . The removal of a highly conserved tetrad salt-bridge network (Glu89 1 , Arg109 1 , Arg269 1 and Glu67 2 ) at the HA 1 /HA 2 interface destabilized H3 HA and resulted in membrane fusion at higher pH (71) .
Our structural analysis on B/HK HA extended this finding by noting that there are ionizable residues at all regions where structural rearrangement is expected upon exposure to low pH, particularly at HA 1 /HA 2 and subunit interface (Fig.4a, Regions A~D) . Although individual residues are generally not conserved among different types and subtypes, similar observation is made on all types of influenza virus HA/HEF. These ionizable residues are likely the structural basis for the pH-dependence and sensitivity to ionic strength of influenza virus HA/HEF (71) . In what follows, we will focus on those ionizable residues on B/HK HA.
Region A: This region encompasses the intersubunit R-R subdomain interface at the membrane-distal end of the trimeric HA molecule (Fig.4a) . In this region of B/HK HA, we found two layers of completely buried residues, Lys209 1 and His220 1 , one from each subunit, to
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on October 28, 2017 by guest http://jvi.asm.org/ Downloaded from interact at the three-fold axis with a pairwise distance of 2.9 Å and 3.7 Å, respectively. We did not find any electron density for counterions near these residues. The distance between Lys209 1 and His220 1 in the same subunit is 3.4 Å. Underneath His220 1 is a cluster of five ionizable residues, Arg105 1 , His99 1 , Asp100 1 , Glu233 1 , with Lys254 1 on a neighboring subunit (Fig.4b) . This is the only region that is limited to influenza B virus HAs.
Region B:
This region covers the interface of the inter-helix loop of HA 2 with the Rsubdomain of HA 1 and helix B of HA 2 of the same subunit (Fig.4a) . Four clusters of ionizable residues are found in B/HK HA: Arg65 2 and Asp71 2 ; Asp81 2 , Asp85 2 , Lys313 1 , and Lys83 2 on a neighboring subunit; Glu76 2 with His74 2 on a neighboring subunit; Asp86 2 with Lys61 2 on a neighboring subunit. Moreover, Arg88 2 is buried without pairing with any other ions (Fig.4c) .
Of particular significance, previous mutagenesis study has demonstrated that a cluster similarly located in H3 HA, Glu89 1 , Arg109 1 , Arg269 1 and Glu67 2 , contributes substantially to the overall stability of the neutral-pH protein (71).
Region C:
This region covers the fusion peptide and its surrounding regions (Fig.4a) . In influenza A virus HAs, His17 1 , Asp109 2 and Asp112 2 have been implicated in low-pH induced membrane fusion (16, 33, 40, 85, 98) . In B/HK HA, in the absence of residue His17 1 and Asp109 2 , two histidine residues, His22 2 and His114 2 , are completely buried at a location very close to His17 1 in H3 HA without pairing with any other ions (Fig.4d) . Moreover, the extreme N-terminus of HA 2 and the residue Asp112 2 are found to be part of an ionizable residue cluster that also includes Glu111 2 , Arg335 1 . In addition, there is another ionizable cluster composed of Glu119 2 with Arg120 2 on a neighboring subunit (Fig.4d ).
Region D:
This region encompasses the N-and C-terminal segments of both HA 1 and HA 2 (Fig.4a) . In B/HK HA, we found two ionizable residue clusters of Arg2 1 and Glu139 2 , and
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on October 28, 2017 by guest http://jvi.asm.org/ Downloaded from Asp132 2 and Lys123 2 (Fig.4e) . In the latter cluster, Asp132 2 and Lys123 2 interact at a pairwise distance of 3.2 Å, while the three Lys123 2 residues, one from each subunit, coordinate a sulfate ion at the three-fold axis. The presence of the sulfate ion in this structure could be the result of crystallization, as similar clusters found in the structures of influenza A virus HAs do not contain a counterion, even though some of them are at much higher crystallographic resolutions (for instance, H5 and H9 HAs are of 1.9 and 1.8 Å, respectively(33)). In those cases, three pairs of HA 2 123 and nearby acidic residues interact near the three-fold axis. Thus the interactions between three pairs of basic residues at HA 2 123 and nearby acidic residues might be a general phenomenon for this region. In addition, His142 2 is buried in the molecule without pairing with any other ion.
Concluding remarks
Here we present the crystal structure of unliganded influenza B virus HA (B/HK HA) that is determined to 2.8-Å resolution. The structure provides a framework for our detailed understanding of antigenic variation of influenza B virus HAs. Structurally, there exist four major epitopes on influenza B virus HAs: the 120-loop, 150-loop, 160-loop, 190-helix and their respective surrounding regions. Consistent with previous operational and topological mapping using mAbs (5, 6), these four major epitopes are located close in space to form a large, continuous antigenic site. Similar to influenza A virus HAs, the antigenic site of influenza B HAs is composed of various surface loops on the membrane distal domains that are located in vicinity to the RBS. Therefore, neutralizing antibodies are likely to function by interfering with the binding of receptors as observed for influenza A virus HAs (4, 7, 8, 26, 31, 32, 42) .
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on October 28, 2017 by guest http://jvi.asm.org/ Downloaded from One important step of influenza infection is the conformational change of HA induced by the endosomal low pH that mediates the fusion of influenza viral envelope membrane with the endosomal membrane, causing the release of influenza genetic materials into cytosols of infected host cells. Previous studies suggested that the overall stability of HA is central to this process, as mutants of H3 HA with elevated fusion pH all harbored destabilizing mutations at chain or subunit interfaces (22) . Moreover, it was found that electrostatic interactions between HA 1 and HA 2 affect the stability of HA (36, 37, 43, 71) . Our new structure of B/HK HA has allowed a systematic examination of possible interactions that play a common role in membrane fusion of influenza A and B virus HAs and influenza C virus HEF. Along this line, we have located ionizable residues at all regions where structural rearrangement is expected upon exposure to low pH, particularly at chain and subunit interface (Fig.4a) . Although individual residues are not generally conserved among different types and subtypes, this phenomenon is repeatedly observed in all influenza HA/HEF. They are likely the structural basis for the pH-dependence and sensitivity to ionic strength of these proteins.
It is interesting to note that, among the ionizable residues found in B/HK HA, some are fully buried in the molecule without pairing with any other ions, such as Lys209 1 , His220 1 (Region A), Arg88 2 (Region B), His22 1 and His114 2 (Region C), and His142 2 (Region D). Previous studies have demonstrated that unpaired ionizable residues tend to stay neutral when buried, because buried charges without pairing can be destabilizing (23, 29, 89) . Therefore, it is possible that the fully buried unpaired ionizable residues are uncharged and make hydrogen bonds with neighboring atoms in the neutral-pH structure of HA. On the other hand, clusters containing both acidic and basic residues, although individually charged, are likely well balanced with no net charges at neutral pH. (16) . Similarly, if we assume those clusters containing both acidic and basic residues are well balanced with no net charges at neutral pH, the low pH may protonate the acidic residues to be neutral, and the basic residues to become positively charged. If the cluster has more than one basic residues, the positive charges they carry may repel against each other to push apart chains and subunits (16, 85) . This may be an explanation to the observation that the (Table 2) .
This difference in buried surface area at the R-R subdomain interface becomes three-times larger for the trimeric HA due to the three R-R subdomain interfaces. Thus, the considerably much more extensive interactions at the R-R subdomain interfaces of B/HK HA may be harder to separate in the low-pH induced conformational change, thus requiring a specific set of destabilizing forces in place.
However, it is important to emphasize that the degree to which the ionizable residues are actually protonated at neutral pH and fusion pH is currently unknown. Further theoretical and experimental investigations are needed to gain deeper understanding of this critical step in influenza viral infection. Basic residues (Lys/Arg/His) are in black bonds and acidic residues (Glu/Asp) are in white bonds. The residues from a neighboring subunit are labeled with a "(2)" after the residues, for instance Lys83 2 (2).
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